ABSTRACT Diphtheria toxin (DT) contains separate domains for receptor-specific binding, translocation, and enzymatic activity. After binding to cells, DT is taken up into endosome-like acidic compartments where the translocation domain inserts into the endosomal membrane and releases the catalytic domain into the cytosol. The process by which the catalytic domain is translocated across the endosomal membrane is known to involve pH-induced conformational changes; however, the molecular mechanisms are not yet understood, in large part due to the challenge of probing the conformation of the membrane-bound protein. In this work neutron reflection provided detailed conformational information for membrane-bound DT (CRM197) in situ. The data revealed that the bound toxin oligomerizes with increasing DT concentration and that the oligomeric form (and only the oligomeric form) undergoes a large extension into solution with decreasing pH that coincides with deep insertion of residues into the membrane. We interpret the large extension as a transition to the open form. These results thus indicate that as a function of bulk DT concentration, adsorbed DT passes from an inactive state with a monomeric dimension normal to the plane of the membrane to an active state with a dimeric dimension normal to the plane of the membrane.
INTRODUCTION
Many bacterial toxins act by enzymatically modifying substrates in the cytosol of mammalian cells. The mechanisms by which the enzymes reach the cytosol are generally poorly understood. Diphtheria toxin (DT) is produced by strains of Corynebacterium diphtheriae infected by the lysogenic bacteriophage corynephage b and is perhaps the most well studied of the bacterial toxins (1) (2) (3) (4) (5) . It is composed of three folded domains: a catalyst (C) domain composed of residues 1-186 on the N-terminus, a translocation (T) domain composed of residues 202-378, and a receptor domain (R) on the C-terminal end composed of residues 386-535. DT binds to a wide range of mammalian cell types displaying the heparin-binding EGF-like growth factor (HB-EGF) receptor. After binding it is taken up into endosome-like acidic compartments by the clatherin-coated pathway, where upon acidification (pH 5.0-5.3) the T domain inserts into the endosomal membrane and releases the C domain into the cytosol of the infected cell. The detailed molecular mechanism by which the C domain is translocated across the membrane is not understood. Understanding the translocation mechanism will greatly facilitate ongoing efforts to redesign this toxin for therapeutic purposes (1, (6) (7) (8) (9) (10) .
Much has been learned about DT and its interaction with lipid membranes through the careful studies of many groups (1, 2, 11) . Crystal structures have been reported for the full wild-type toxin in monomeric form (at 2.3 Å 1MDT (12); at 1.55 Å 1FOL (13) ) and in R domain-swapped dimeric form (1DDT (14) ) for the full toxin in dimeric form bound to an extracellular fragment of its receptor HB-EGF (1XDT (15)) and for the C domain (1DTP (16) ). The approximate dimensions of the monomer in the closed form are (78 Å 3 35 Å 3 53 Å ), and those of the R domain-swapped dimer in the closed form are (110 Å 3 35 Å 3 53 Å ). Under some conditions DT adopts an open form in which the R domain is separated from the C-and T domains (15) . The role of this conformation in facilitating interaction of the T domain with the membrane has been unclear.
The T domain alone has been shown to be sufficient to translocate the C domain (17) . The T domain consists of 10 helices in 3 rows. The innermost layer is a hairpin of helices 8 and 9 (TH8, TH9) bridged by an acidic loop. TH8 and TH9 are the most hydrophobic of the helices, and play a major role in the insertion process (18, 19) . Much work has been devoted to determining the conformation of the T domain imbedded in the membrane. In membranes at low pH, the T domain can exist in either a shallow or deeply penetrating conformation depending upon T domain concentration in the membrane and the length of the lipid tails (20, 21) . In the deeply inserted transmembrane state, evidence indicates that the C domain and the amino terminal third of the T domain, the first 270 residues, are translocated. TH5, TH8, TH9 are transmembrane whereas TH6-TH7 lie parallel within the headgroups on the cis side (22) .
Despite this progress and other work reviewed elsewhere (1,2,11), many important questions remain regarding the translocation process. Conflicting conclusions have been reported for many important aspects, such as whether oligomerization of DT is critical for translocation (18, 20, (23) (24) (25) (26) or not (27) , whether the C domain must unfold to be translocated (28, 29) or not (30) , whether interaction of C with inserted T is critical to translocation (31) or not (30) , and whether voltage-driven channel formation in planar bilayers is directly related to translocation (17) (18) (19) 22, 26, 27, 30, 32) or not (33) . Much of this confusion is likely due to differences in the systems studied, such as differences in toxin concentration, whether the full toxin or only portions were used, whether the systems were driven primarily by pH or also included an electrostatic potential, and whether or not the HB-EGF receptor was present. However, resolving these questions is especially challenging because of the difficulty of obtaining direct structural data on the conformational states of the full toxin as it interacts with lipid membranes. To date, structural information has been obtained from fluorescence methods (20, 31, (34) (35) (36) (37) , from locating particular residues on either side of the bilayer membrane (17, 22) , from detecting changes in secondary and tertiary structure using circular dichroism (17, 35) or infrared spectroscopy (38) , and from the effects of mutations of specific residues on channel formation as detected by electrical current or the passage of reporter molecules (36) . These methods have contributed many important insights, but the picture is still far from complete.
In this work, we used neutron reflection (NR) to supply direct structural information for the entire toxin (in contrast to methods that provide information only for labeled residues or secondary structural elements) as it adsorbs to planar lipid membranes and subsequently undergoes pH-dependent conformational changes to insert and translocate the enzyme. NR probes the in-plane averaged scattering length density (SLD) profile normal to the membrane, which is a function of the density and atomic composition (39, 40) and therefore provides the one-dimensional envelope of the entire protein.
The resolution (;7-10 Å in the best cases) is not at the atomic level as in x-ray crystallography; yet it is still sufficient to resolve different domains of a protein and to provide structural detail within each domain, particularly when selective deuteration is employed. Although specular reflectivity does not probe in-plane structure, it is sensitive to any structural changes that alter the profile normal to the membrane. The NR studies were complemented by x-ray reflectivity (XR) and grazing incidence x-ray diffraction (GIXD) measurements, which are very sensitive to membrane insertion processes. As discussed below, the NR studies indicate that membrane-bound DT oligomerizes as a function of DT concentration and has a dimension normal to the plane of the membrane consistent with a dimer. This is an important new insight, as previous discussions have considered only lateral assembly of DT in the plane of the membrane. Finally, the data strongly suggest that oligomerization facilitates a transition from the closed to the open form upon decrease in pH that coincides with insertion of residues into the lipid tails.
MATERIALS AND METHODS

Materials
These studies involved CRM197, which is a mutant form of DT that results from the substitution of glutamic acid for glycine at amino acid 52 in the C domain, rendering the protein nontoxic. CRM197 was purchased from EMD Biosciences (San Diego, CA). 1,2-Dipalmitoyl-sn-glycero-3-[phosphorac-(1-glycerol)] (DPPG) and a deuterated form of DPPG in which the 62 protons in the aliphatic tails were replaced with deuterons (d-DPPG) were purchased from Avanti (Alabaster, AL). The phosphoric acid buffer (pH 7.3) was prepared by dissolving 8.16 g sodium hydrogen phosphate heptahydrate (Aldrich, Milwaukee, WI), 1.20 g sodium dihydrogen phosphate monohydrate (Aldrich), and 5.86 g sodium chloride (Aldrich) in 1 L of Millipore water (18 MV resistivity; Millipore, Bedford, MA). Chloroform and citric acid were purchased from Aldrich. All materials were used as received.
Adsorption studies
In a typical adsorption run, DPPG was spread in the form of a monolayer to a surface pressure of 1-3 mN/m on the surface of phosphate-buffered subphase (pH 7.3) held within a Teflon trough. DPPG was used because the T domain is known to bind to and insert into negatively charged membranes (20, 22) . After allowing the chloroform to evaporate, the surface layer was compressed to 30 mN/m and maintained at that value for the remainder of the run by a feedback system that adjusted the surface area through a sliding barrier. After collecting NR, XR, or GIXD data for the lipid monolayer alone, CRM197 was introduced into the subphase using a peristaltic pump and Teflon tubing with an inlet and outlet submerged at opposite ends of the trough. The desired amount of protein solution was first injected into a small vial using a 1 ml syringe, and then the solution was pumped from the vial into the trough using the peristaltic pump and a three-way Teflon valve. The subphase was then circulated at least twice to achieve complete mixing. NR showed little or no adsorption of DT at neutral pH over the concentration range studied. The pH of the subphase was then incrementally decreased by adding aliquots of citric acid. After addition of citric acid, the subphase was circulated to ensure thorough mixing. The circulation was then halted and NR, XR, or GIXD data were collected in successive scans until no further change was detected on a timescale of several hours. The pH of the subphase was measured before and after the reflectivity scans on a small volume (several ml) removed from the subphase using the three-way valve. The reported values are the averages of the two measurements, which typically deviated by ,0.1 pH unit. For all measurements the trough was contained inside a closed canister to minimize evaporation. To reduce the amount of protein needed, a small Teflon trough (;40 mls) was used, which was placed inside the standard troughs available at the beamlines. The measurements were made at 23°C 6 3°C.
Neutron reflection
Reflectometry involves measuring the ratio of reflected to incident intensity as a function of momentum transfer q z ¼ 4psinu/l, where u is the angle of incidence relative to the plane of the membrane and l is the wavelength. Manipulating the contrast between various components is integral to neutron scattering approaches. For organic materials this is readily accomplished using the very different neutron scattering properties of hydrogen and deuterium. In particular, this work involved the use of h-DPPG and d-DPPG. Neutron reflectometry was performed on the NG7 (NCNR/NIST) and SPEAR (LANSCE/LANL) reflectometers. The reflectivity data were analyzed using the GAFIT program based on the optical matrix method (39) . GAFIT is available at www.ncnr.nist.gov. Simultaneous fits were performed for several sets of data at the two contrast conditions (h-DPPG and d-DPPG). In the simultaneous fits, the lipid layer was divided into two layers describing the tails and headgroups. The only parameter allowed to vary between the two SLD models was the SLD of the lipid tails. The thickness and SLD of the lipid layers were unconstrained to allow the possibility of insertion of protein segments. We did not assume that the amount of protein insertion into the lipid tails was the same for DPPG and d-DPPG. In fact, the data consistently indicated slightly more insertion into the tails of d-DPPG. Initially we attempted to use a single layer in the SLD model to describe the protein layer, but in almost every instance two layers were required. Fitting reflectivity data always results in defining a family of SLD curves that are consistent with the data. The family of curves consistent with the data from two contrast conditions is a small subset of those that are consistent with the data from only a single contrast condition. Nevertheless, a range of acceptable values for each parameter still results. The range of uncertainty for any of the model parameters can be determined by fixing the value of that parameter in the fit and allowing the other parameters to vary within physically reasonable limits. In this work, upper and lower bounds were determined by the values that led to fits that were unacceptably poor, as indicated by an increase in x 2 by a factor of 1.2. In the GAFIT program the roughness parameter corresponds to the full width at half-maximum (¼ 2.35 s, where s is the standard deviation) of a Gaussian distribution. This parameter was constrained in the fitting to be less the smallest thickness of the two adjacent layers.
X-ray reflection and grazing incidence x-ray diffraction XR and GIXD were performed on the liquid surface spectrometer on beamline ID-9 at the advanced photon source. The trough container was continuously purged with water-saturated helium to maintain an oxygen level ,0.5% to minimize oxidative degradation of the organic monolayer in the presence of the intense x-ray beam and to reduce background scattering. Excellent reproducibility indicated the absence of beam damage. Analysis of the XR data was performed using the GAFIT program. First, the data for the lipid monolayers were analyzed using one layer for the headgroups and a second layer for the tails, where the thickness and electron density of the tails were constrained such that the number of electrons per unit area was fixed at the value calculated from the molecular structure and the known area per molecule at 30 mN/m. After addition of the protein, the constraint was relaxed to account for insertion of residues into this monolayer.
GIXD yields information on the lateral order within the surface structure (41) . By monitoring the diffraction peak arising from the ordered packing of the lipid tails, the effect of protein binding and insertion on the structure and phase behavior of the lipid film can be examined. To maximize surface sensitivity for GIXD measurements, the monochromatic x-ray beam is adjusted to strike the surface at an incident grazing angle a i ;0.1°, which corresponds to the vertical momentum transfer vector q z ¼ 0.85 q c , where q c ¼ 0.02176 Å À1 is the critical scattering vector for total external reflection from a water surface. At this angle the incident wave is totally reflected from the sample, whereas the refracted wave becomes an evanescent wave traveling along the interface. The intensity of the evanescent wave decreases exponentially with depth, thus enhancing the surface sensitivity and reducing the background scattering from the subphase. The dimensions of the footprint of the incoming x-ray beam on the liquid surface were ;2 3 50 mm 2 . For the collection of diffracted intensities, a vertical one-dimensional position-sensitive detector (PSD) with vertical acceptance 0 , q z , 1.0 Å À1 was used. A Soller collimator was mounted in front of the PSD, defining the horizontal resolution of the detector at Dq xy ¼ 0.009 Å À1 . The scattered intensity was measured by scanning over a range of the horizontal scattering vector component,
where 2u xy is the angle between the incident and diffracted beam projected onto the horizontal plane, and q xy is the combination of horizontal components q x and q y . Such a scan, integrated over all the channels along the q z directions in the PSD, yields the Bragg peaks.
RESULTS
NR data for CRM197 binding to Langmuir monolayers of h-DPPG are shown in Fig. 1 for bulk concentrations of 0.2 mM and 0.8 mM. At each concentration, NR data are shown as a function of pH. At 0.2 mM (Fig. 1 a) , the data show only one broad peak over the accessible range of momentum transfer q z , which reflects the total thickness of the surface layer (protein 1 lipid). With decreasing pH, the peak increased in magnitude, indicating an increase in occupancy, and shifted to slightly higher q z , indicating a small decrease in the total FIGURE 1 (a) Neutron reflectivity for an h-DPPG monolayer alone (x) and after injecting CRM197 at 0.2 mM and reducing the pH to 5.3 (n), 5.0 (h), and 4.5 (d). These data indicate increased occupancy but little change in the conformation. (b) Neutron reflectivity for an h-DPPG monolayer alone (x) and after injecting CRM197 at 0.8 mM and reducing the pH to 6.5 (n), 6.0 (d), and 5.4 (h). The increase in peak height from pH 6.5 to 6.0 indicates increased occupancy, whereas the change in the shape of the curve from pH 6.0 to 5.4 indicates a large change in the protein conformation.
thickness. At 0.8 mM (Fig. 1 b) , when adsorption was first detected (;pH 6.5), the peak occurred at lower q z than at 0.2 mM (q z ; 0.03 compared to q z ; 0.05 at 0.2 mM), indicating a substantially thicker adsorbed structure. With further decrease in pH, the peak first increased in magnitude at the same q z value, indicating a constant conformation but higher occupancy, and then shifted strongly to lower q z . The shift to lower q z is a critical insight from NR, as it indicates a surprising elongation of the adsorbed protein.
The shift was first observed to occur at pH 5.4. The peak continued to shift to lower q z and to increase slightly in magnitude with further decrease in pH (see Supplementary Fig. 1 ). Detailed analysis of NR data is greatly facilitated by performing identical measurements in different contrast conditions. Simultaneously fitting data for two contrast conditions severely restricts the range of profile characteristics that are compatible with the data. To that end, NR data were also acquired for the same conditions as in Fig. 1 but using DPPG with fully deuterated aliphatic tails (d-DPPG). Examples are provided in Fig. 2 . With d-DPPG the reflectivity is substantially increased, allowing data to be obtained to higher q z values. However, the sensitivity to the adsorbed protein is much greater with h-DPPG. Simultaneously fitting the two data sets combines the benefits of the two contrast schemes. Parameters from a simultaneous fitting analysis in which only the SLD of the lipid tail layer varies between the two contrast conditions are given in Table 1. SLD profiles for 0.2 mM CRM197 are shown in Fig. 3 a for both contrast conditions at pH 4.5 and in Fig. 3 b for h-DPPG at several pH values. In each plot the SLD profile for the lipid monolayer alone is included for comparison. The profiles show that very little change in the structure of the adsorbed protein occurs with decreasing pH. This has several important implications. It indicates that for pH values down to 4.5 large conformational change of the T domain does not occur, the C domain does not unfold, and oligomerization normal to the surface does not occur. The inner and outer protein layers likely correspond to the C 1 T and R domains, respectively. This should be definitively resolved in future work with CRM197 in which one domain is enriched in deuterium. A x 2 analysis for the total thickness of the surface layer (DPPG 1 protein) yields a range from 80 Å to 96 Å (corresponding to an increase in x 2 by a factor of 1.2). The plot is provided in Supplementary Fig. 2 .
SLD profiles for 0.8 mM are shown in Fig. 4 a for both contrast conditions at pH 4.8 and in Fig. 4 b for h-DPPG at several pH values. In contrast to the results at 0.2 mM, at 0.8 mM large changes occur with decreasing pH. From pH 6.5 to pH 6.0 the thickness is nearly constant as the occupancy increases. For pH values below 6.0, there is a large increase in the thickness of the adsorbed structure as well as further increased occupancy. The former is indicated by the shift in the peak position to lower q z in Fig. 1 Supplementary Fig. 2 . The SLD profiles also reveal strong insertion of residues into the lipid tail region at the lower pH values, discussed further below, simultaneous with the extension into the subphase.
SLD profiles for 0.2 mM at pH 4.5 and for 0.8 mM at pH 6.0 (before the pH-driven conformational change) are compared in Fig. 5 . The data for both contrast conditions (h-DPPG and d-DPPG) were fit simultaneously, but Fig. 5 shows only the profiles for h-DPPG for clarity. The thickness ranges for the two cases mentioned above are consistent with the dimensions of the crystal structures for monomeric DT (1F0L) (13) and dimeric DT (1DDT) (14, 23) , respectively, in the orientations roughly depicted in the insets in Figs. 3 b and  4 b. A detailed comparison of the data with SLD profiles for a set of likely orientations of the crystal structures will be reported elsewhere. However, one example of volume fraction profiles for the monomeric and dimeric forms (protein only) is given in the inset to Fig. 5 to show the general correspondence of the thicknesses with those of the measured SLD profiles. The difference in thickness upon first adsorption for 0.2 mM and 0.8 mM implies that an increase in bulk concentration drives a transition in the adsorbed protein from a monomeric state to a dimeric state normal to the plane of the membrane. We note that in bulk solution the protein remains monomeric over the same range of concentration and pH, as shown by native gel electrophoresis (see Supplementary Fig. 3 ), indicating that oligomerization occurs only for the membrane-bound toxin. From integration of the SLD profiles in Fig. 5 , the surface occupancy is ;34% of a full monolayer of monomeric DT at 0.2 mM and pH 4.5 and ;40% of a full monolayer of dimeric DT at 0.8 mM and pH 6.0.
Regarding the extension of the profile with decreasing pH at 0.8 mM, we propose that in the oligomeric state a transition occurs from the closed to the open form with decreasing pH, as illustrated in the inset in Fig. 4 b. (Although the R domain-swapped dimeric state has sometimes been referred to as the ''open'' state since the R domains are extended from the C and T domains relative to their positions in the (23)).
As mentioned in the Introduction, an important aspect of the adsorbed protein structure is the extent of insertion of segments into the hydrophobic lipid tails. This was quantified as follows. For the data with DPPG alone, the thickness of the tail layer was constrained to the value obtained from XR 6 1.5 Å . After the addition of CRM197, the data were modeled with two layers for DPPG (headgroups and tails) and two layers for the protein (after it was determined that a single layer for the protein was not sufficient). Initially these four layers were unconstrained. To determine the extent of insertion in each case, the SLD of the lipid tail layer was fixed at various values in the fits while allowing the other parameters to vary within physically realistic limits. The amounts of protein insertion into h-DPPG and d-DPPG were not constrained to the same value to allow for a possible effect of deuteration. The x 2 analysis for the SLD of the tail layer was much more sensitive for d-DPPG than for h-DPPG, due to the much higher range of q z in that case. Plots of x 2 versus tail layer SLD are given in Supplementary Fig. 4 for 0.8 mM CRM197 at pH 4.8 and for 0.2 mM CRM197 at pH 4.5. The analysis yields a range for SLD tails from 3.71 3 10 À6 Å À2 to 3.96 3 10 À6 Å À2 for 0.8 mM CRM197 at pH 4.8 (increase in x 2 by 1.2), whereas the value in the absence of CRM197 is 5.6 3 10 À6 Å À2 . This decrease in SLD in the tail layer after insertion of CRM197 corresponds to a protein segment volume fraction in the lipid tails ranging from 0.45 to 0.53. At 0.2 mM CRM197, the x 2 analysis yields a range of SLD tails from 4.6 3 10 À6 Å À2 to 6.8 3 10 À6 Å À2 , whereas the value in the absence of CRM197 is 5.9 3 10 À6 Å À2 . Therefore, the data are consistent with little or no insertion at 0.2 mM CRM197 and pH 4.5. Based on this result and on the absence of a significant increase in the area per molecule upon introducing CRM197 at 0.2 mM as described below, the parameters reported in Table 1 at 0.2 mM were determined for fits in which the parameters of the tail layers were held constant at the values obtained in the absence of CRM197, allowing for a 5% decrease in thickness as suggested by a small increase in the area (discussed below).
NR data (h-DPPG only) were also obtained at 0.1 mM and 0.93 mM CRM197. The data for several pH values in each case are shown in Fig. 6, a and b . These data show the same trends with pH and solution concentration as the data for 0.2 mM and 0.8 mM in Fig. 1 . Since NR data were obtained in this case only with h-DPPG (and not with d-DPPG), the extent of insertion into the lipid tails, and thus the full SLD profiles, could not be determined. However, the peak positions indicate that the overall thicknesses and the changes in thickness with pH are similar for 0.1 mM and 0.2 mM and for 0.8 mM and 0.93 mM. At 0.93 mM, NR data were collected for a large number of pH values. This revealed that the changes in conformation were not continuous with pH, but rather stronger and weaker change occurred over different pH ranges. In particular, little change in the NR data occurred from pH 6.0 to pH 5.8, from pH 5.5 to pH 5.3, or from pH 4.8 to pH 4.5. This is shown in Fig. 6 c. In each case, reflectivity scans were performed until little change was observed in the reflectivity with time, such that the system was maintained at each pH value for a minimum of 6 h. These data suggest that the transition, which we interpret as from the closed to the open form, occurs in stages with decreasing pH. Estimates of the adsorbed amounts at 0.1 mM and 0.93 mM from analysis of the data for h-DPPG alone are plotted in Fig. 7 along with the values obtained at 0.2 mM and 0.8 mM. A consistent trend in all our data is that the pH value at which adsorption first becomes detectable increases with increasing bulk concentration.
Details of the protein-lipid interaction were also revealed by changes in the surface area of the Langmuir monolayers, which were maintained at constant surface pressure such that insertion of protein segments into the lipid films resulted in increases in total area. The fractional changes in area as a function of pH for 0.2 mM and 0.8 mM are shown in Fig. 8 . Little change in area was observed at 0.2 mM for pH values down to 4.5, whereas a large increase in area with decreasing pH resulted at 0.8 mM. Specifically, at 0.8 mM the area increased ;10% at pH 6.0, followed by a much greater increase upon lowering the pH to 5.4. Importantly, this is the pH value at which the shift in the peak in the NR data occurred in Fig. 1 b. Thus the changes in surface area confirm that the extension of the profile into the subphase at 0.8 mM coincides with insertion of residues into the lipid tails, supporting the conclusion from the SLD profiles in Fig. 4 . After lowering the pH to 5.4 at 0.8 mM, the area increased until the barrier reached the back of the trough. After collecting reflectivity at this condition, additional citric acid was introduced to lower the pH to 4.8 for the final NR scans, this time at fixed area. At this point an increase in surface pressure of a few mN/m resulted. The magnitude of the area increase at pH 5.4 (;60%) is reasonably consistent with the volume fraction of protein segments within the tail layer determined from the NR data at pH 5.4 and pH 4.8 (45-53%).
Further corroborating evidence for strong insertion of residues into the lipid tails with decreasing pH exclusively at the higher concentration range was obtained with GIXD ( Fig. 9) and XR (Fig. 10) . Fig. 9 a shows Bragg peaks from GIXD for an h-DPPG monolayer alone at 30 mN/m and after injecting CRM197 at 0.3 mM and reducing the pH to 5.3, 4.9, and 4.2. The two peaks arise from the distorted hexagonal lattice of the DPPG tails in the gel phase (42) . The peaks are relatively unchanged after injecting CRM197 FIGURE 5 SLD profiles for adsorbed CRM197 at 0.2 mM and pH 4.5 (solid line) and at 0.8 mM and pH 6.0 (dashed line). The SLD profiles were derived from simultaneous fitting of the data in Fig. 2 , a and b. These profiles are consistent with predominantly monomeric CRM197 at 0.2 mM and mostly dimeric CRM197 at 0.8 mM, illustrated by the diagrams in Figs. 3 b  and 4 b. The inset shows calculated volume fraction profiles from crystal structure data for DT in monomeric (1F0L) and dimeric (1DDT) states in the orientations indicated in the diagrams. FIGURE 6 (a) Neutron reflectivity for an h-DPPG monolayer alone (x) and after injecting CRM197 at 0.1 mM and reducing the pH to 5.1 (n), 4.7 (h), and 4.0 (d). These data indicate increased occupancy but little change in CRM197 conformation. (b) Neutron reflectivity for an h-DPPG monolayer alone (x) and after injecting CRM197 at 0.93 mM and reducing the pH to 6.5 (n), 6.3 (d), and 5.3 (h). The increase in peak height from pH 6.5 to 6.3 indicates increased occupancy, whereas the change in the shape of the curve from pH 6. at 0.3 mM and lowering the pH to 4.2, indicating little or no insertion of CRM197 into the tails. In contrast, Fig. 9 b shows that at 0.93 mM CRM197 the Bragg peaks for the DPPG monolayer were substantially reduced at pH 5.7 and were completely absent at pH 5.1. This indicates strong insertion of CRM197 into the lipid tails at pH 5.1, such that the liquid crystalline order was completely disrupted. Fig. 10 a shows corresponding XR data for a h-DPPG monolayer alone at 30 mN/m and after injecting CRM197 at 0.3 mM and reducing the pH to 4.2. The sharp fringes indicate a laterally uniform lipid film and arise from the elevated electron density of the DPPG headgroups and the total length of the lipid molecule. The fringes were relatively unchanged after injecting CRM197 at 0.3 mM and lowering the pH to 4.2, indicating little or no insertion of CRM197 into the lipid layer. In contrast, Fig. 10 b shows XR data for a h-DPPG monolayer alone and after injecting DT at 0.93 mM and reducing the pH to 5.7 and 5.1. The decrease in the magnitude of the fringes upon lowering the pH indicates strong insertion of CRM197 into the DPPG film. In addition to being highly sensitive to insertion of segments into the lipid monolayer, XR is sensitive to the details of the adsorbed protein layer, although less so than NR. The characteristics of the adsorbed protein layer affect the XR data in the low q z region, shown in an expanded view in Fig. 10, c and d . Parameters from the fitting analysis are given in Table 2 . Best-fit electron density profiles are given in Fig. 11 (note the change in scale of the x axis). At 0.3 mM the effect of adsorbed CRM197 on the XR curve is weak, and only the dense layer of protein segments at the interface with the lipid could be resolved. At 0.93 mM several layers were required for the protein in the model profile, and the thicknesses are reasonably consistent with the NR results at 0.8 mM in Fig. 4 .
DISCUSSION
This work has several important implications for the interaction of DT with lipid membranes and the translocation process. Our data show for the first time, to our knowledge, that large changes in the conformation of membrane-bound DT occur normal to the plane of the membrane, both in the formation of oligomers and in the extension/insertion transition that the oligomeric form undergoes with decreasing pH. Previous evidence for oligomerization has been reported for DT interacting with lipid vesicles over a similar FIGURE 7 Adsorbed amount versus pH for CRM197 at 0.1 mM (n), 0.2 mM (d), 0.8 mM (h), and 0.93 mM (s). concentration range as in this study (25) . In that work, liposome leakage studies suggested a pore whose size depended upon DT concentration. However, the nature of the structure was not revealed, and the discussion considered only lateral assembly. Indeed, several bacterial toxins such as a hemolysin and anthrax are known to associate laterally to form pores (43, 44) . Our data indicate a more complex assembly for DT that includes dimerization and conformational changes normal to the membrane. The above-mentioned study reported release of fairly large molecules that would seem to require a pore composed of more than a single DT molecule (25) . Lateral assembly may indeed have occurred in the present system in addition to the changes normal to the membrane. Such lateral assembly would be undetectable by specular reflection. Because of that possibility, we refer to the structure as oligomeric despite the fact that the reflectivity data reveal a dimeric dimension normal to the membrane.
Our results strongly suggest that as a function of bulk DT concentration, adsorbed DT passes from an inactive monomeric state to an active oligomeric state. Further, the data suggest that in the oligomeric state, a transition to the open form coincides with insertion of residues into the hydrophobic lipid tails. We propose that in monomeric DT interactions between the R and T domains hold the conformation in the closed form, but in the dimeric state the intramolecular interactions are weakened, which allows the structure to pass to the open form with decreasing pH, as discussed previously by Steere and Eisenberg (23) . Thus, our data imply that only in the open form is the T domain free to insert. Here the open form was enabled by oligomerization over a range of bulk concentration from 0.2 mM to 0.8 mM. The actual concentration of DT in endosomes is not well known. However, in studies involving translocation of C directly across the plasma membrane, Olsnes et al. have shown pH-driven translocation at a bulk DT concentration of 1 nM (28, 29) , far lower than the range of the oligomerization observed here. In this work CRM197 adsorbed directly to the negatively charged lipid membrane in the absence of the HB-EGF receptor. The binding of R to the receptor occurs with much higher affinity (10 À8 -10 À9 M) (45) , resulting in the activity of the toxin at much lower concentrations. Previous work has shown that the binding of monomeric DT to the receptor may actually promote dimerization (15) . Together with the results here, this suggests that dimerization may indeed be the activating step at much lower concentration in the presence of the receptor. However, confirmation of this awaits further studies.
Finally, in other work that may be related, Wang et al. studying the T domain alone reported a transition from shallow to deep insertion as a function of the concentration of T within the membrane (20) . This suggests that membranebound T associates above a critical concentration in the membrane and that association of T is somehow related to deep insertion. Our results with the full toxin show that a transition to deep insertion occurs only for the oligomeric form and coincides with a large extension of the structure into the subphase that we interpret as a transition to the open form. Thus, it may be that with the full toxin the lateral association of the T domains occurs only in the open form. It is tempting to speculate that dimerization and the transition to the open form trigger both lateral association of T and insertion. However, more work is needed to test this hypothesis. FIGURE 9 (a) Bragg peaks from grazing incidence x-ray diffraction (GIXD) for a h-DPPG monolayer alone at 30 mN/m and after injecting CRM197 at 0.3 mM and reducing the pH to 5.3, 4.9, and 4.2. The two peaks arise from the distorted hexagonal lattice of the DPPG tails in the gel phase. The peaks were relatively unchanged after injecting CRM197 at 0.3 mM and lowering the pH to 4.2, indicating little or no insertion of protein segments into the tails and preservation of the alkyl tail in-plane ordering. (b) Bragg peaks for a h-DPPG monolayer alone and after injecting CRM197 at 0.93 mM and reducing the pH to 5.7 and 5.1. The absence of the peaks after injecting CRM197 and lowering the pH to 5.1 indicates disruption of the in-plane order, suggesting strong insertion of protein segments into the DPPG monolayer.
In summary, NR has revealed that membrane-bound CRM197 oligomerizes as a function of bulk concentration and that with decreasing pH the oligomeric form undergoes a significant extension normal to the surface that coincides with deep insertion. The oligomeric structure has a dimeric dimension normal to the plane of the membrane. We anticipate that further NR studies in which the HB-EGF receptor is incorporated into the lipid membrane and where individual domains of the toxin are enriched in deuterium will elucidate further details of this process. The model system in this study is intended to mimic the process of protein-membrane binding and pH-dependent conformational change that occurs within endosomes. However, we note that our model system has a number of deficiencies with respect to cellular membranes. In particular, the membrane composition of 100% DPPG, chosen in this initial study to reduce the amount of protein required, is not representative of a real cell membrane. In the case here the very strong electrostatic interactions likely result in an elevated proton concentration near the membrane, and membrane-bound protein residues may protonate at a higher pH that would otherwise be the case. Future work will explore the effect of varying the percentage of charged and neutral lipids. Also important is to examine the effect of the lipid phase state by obtaining results for lipids in the fluid phase for comparison with these results involving lipids in the gel phase. In addition, Langmuir monolayers at best mimic only one leaflet of a bilayer. Thus the membrane-inserted conformation will not be identical to that occurring in a cell. Ongoing work involving supported lipid bilayers will examine inserted DT in a configuration more similar to that in cells. Finally, studies that probe the inplane structure of the adsorbed protein will be important to complement the reflectivity data and determine the overall oligomeric structure.
SUPPLEMENTARY MATERIAL
To view all of the supplemental files associated with this article, visit www.biophysj.org. FIGURE 11 Normalized electron density profiles for h-DPPG alone (dashed lines) and (a) with CRM197 at 0.3 mM and pH 4.2 (solid line) and (b) with CRM197 at 0.93 mM and pH 5.7 (thin solid line) and pH 5.1 (thick solid line). 
